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We study the impact of fission on the production and destruction of translead nuclei during the r -
process nucleosynthesis occuring in neutron star mergers. Abundance patterns and rates of nuclear
energy production are obtained for different ejecta conditions using two sets of stellar reaction rates,
one of which is based on microscopic and consistent calculations of nuclear masses, fission barriers
and collective inertias. We show that the accumulation of fissioning material during the r process can
strongly affect the free neutron abundance after the r -process freeze-out. This leads to a significant
impact on the abundances of heavy nuclei that undergo α decay or spontaneous fission, affecting
the radioactive energy production by the ejecta at timescales relevant for kilonova emission.
I. INTRODUCTION
Sixty years after the seminal works of B2FH and
Cameron [1, 2], where the rapid neutron capture pro-
cess (r process) was firstly indicated as the main mech-
anism responsible for the production of the heaviest el-
ements observed in the universe, the GW170817 grav-
itational wave signal [3] and its associated AT 2017gfo
electromagnetic (EM) counterpart [4] provided the first
evidence that r -process nucleosynthesis occurs in neutron
star mergers (NSM) [5–8]. This evidence arose from the
observed optical and near-infrared emissions, which were
found to be consistent with a quasi-thermal transient
known as kilonova or macronova powered by the radioac-
tive decay of freshly-synthesized r -process nuclei [9–12].
However, whether NSM are the only astrophysical source
of r -process elements in the universe remains an open
question [13]. This is because despite the large amount
of information extracted from the multimessenger obser-
vations, the detailed composition of the ejected mate-
rial is still unclear. For instance, the near-infrared kilo-
nova emission that was observed at timescale of several
days is consistent with predictions assuming a significant
presence of lanthanides (mass fraction & 10−2) in the
ejecta [14, 15], but the exact range of the produced nuclei
or whether there was a possible presence of heavier ele-
ments has not yet been determined. In this context, fu-
ture observations of late-time (& 10 days) kilonova light
curves showing signatures related to the decay of par-
ticular nuclei, together with improved kilonova emission
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modeling, would thus provide invaluable information to
offer further insights in our understanding of the origin
of r -process elements [16–18].
Therefore, both future observations as well as im-
proved theoretical yield predictions are urgently required.
From the theoretical nuclear physics side, one aspect
that must be addressed is the sensitivity of kilonova light
curves with respect to the presence of long-lived heavy
nuclei. The presence of Uranium and Thorium in metal-
poor stars, as well as in the solar system, indicates that
if NSM are a major contributor to the production of r -
process nuclei, the r -process path therein must reach the
region of actinides. Therefore, it is likely that fission hap-
pens during and/or after the r process. Previous studies
have shown that the kilonova lightcurves, particularly
at late times, can sensitively depend on the produced
amount of translead nuclei, e.g., those with mass num-
ber A between 222 ≤ A ≤ 225 and A = 254, depending
on the adopted nuclear mass model [17, 19–21], and/or
the assumed fission probabilities of heavy nuclei during
their decay [16, 22]. However, crucial understanding on
the role played by fission in the production and destruc-
tion of translead nuclei during and after the r process is
still lacking.
In this paper, we study the production of translead
nuclei during the r -process nucleosynthesis using two dif-
ferent sets of stellar reaction rates and trajectories rep-
resenting three different ejecta conditions in NSM. In
particular, we focus on the role that fission plays in the
destruction of very heavy elements and the implications
for the electromagnetic transients powered by the ra-
dioactive decay of the synthesized nuclei. The paper
in organized as follows: Section II discusses the nuclear
properties underlying the stellar reactions rates and the
different trajectories employed in this work; Section III
reports the main results concerning the evolution of total
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2abundances and nuclear energy release rates; finally, Sec-
tion IV summarizes the main findings and outline future
works.
II. METHOD
One of the major challenges in r -process nucleosynthe-
sis calculations is to study the impact of nuclear proper-
ties in the abundance patterns and kilonova light curves.
The difficulties arise from the fact that the nuclear reac-
tion network calculations simulating the r -process nucle-
osynthesis require the knowledge of nuclear masses, re-
actions rates and decay properties for several thousands
of nuclei placed between the valley of stability and the
neutron drip-line. Since most of these nuclei are out-of-
reach in the current and next-future experimental facil-
ities, the calculations heavily rely on theoretical predic-
tions of these nuclear properties, bringing a large uncer-
tainty in the nucleosynthesis outcome [23].
Rather critical is the case of fission, where the data pro-
vided from experiment and theory suitable for r -process
calculations is particularly scarce. As a result, only
few papers so far addressed the impact of fission dur-
ing the r -process nucleosynthesis [22, 24–29]. The aim
of this paper is then to improve the understanding of
the role played by fission in the production of translead
nuclei and its possible relevance for kilonova by employ-
ing a recently developed set of reaction rates and fission
properties based on the Barcelona-Catania-Paris-Madrid
(BCPM) energy density functional (EDF) [30, 31].
The BCPM neutron-induced reaction rates, α-decay
rates and spontaneous fission lifetimes were obtained us-
ing the nuclear masses, fission barriers and collective in-
ertias predicted by the BCPM EDF [32]. This is one of
the few attempts to derive a set of reaction rates and
nuclear decay properties suited for r -process calculations
from a consistent nuclear input (see also Ref. [22, 25]).
Since β-decay rates are not available for this functional
we employed the finite range droplet model (FRDM) β-
decay rates [33] and derived a set of β-delayed fission
rates based on BCPM fission barriers and an estimate of
the FRDM beta strength function from the neutron emis-
sion probabilities. For nuclei with Z < 84, where fission
is not expected to play a relevant role, we use the neutron
capture rates based on the FRDM masses [34] as detailed
in Ref. [19]. Previous r -process calculations involving fis-
sion have often used reaction rates from Ref. [35], which
are based on a combination of FRDM nuclear masses [36]
and Thomas-Fermi (TF) fission barriers [37] (see e.g.
Ref. [19, 27]). In this work we refer to such combination
as FRDM+TF and consider it as our reference model.
Fig. 1 shows the BCPM and FRDM+TF predictions
of the highest fission barrier (Bf ), the difference between
fission barrier and β-decayQ-value (Bf−Qβ) [38] and the
difference between fission barrier and neutron separation
energy (Bf − Sn) for nuclei with Z ≥ 84. These quan-
tities provide a rough estimation of the stability of each
nucleus against the different fission modes: spontaneous
fission, β-delayed fission and neutron-induced fission, re-
spectively. Evidently, the smaller these values are, the
larger the fission probabilities become. Looking at nuclei
close to the neutron dripline, it is possible to conclude
that BCPM predicts systematically larger fission barri-
ers compared to TF, particularly in the vicinity of the
N = 184 shell closure. In Section III we will show how
these properties, fission barriers, neutron separation en-
ergies and Qβ values, determine the amount of material
that can be accumulated in the heaviest region of the
r -process nucleosynthesis.
Regarding the astrophysical scenario, we focused our
study in the r -process nucleosynthesis occurring in NSM.
In order to cover different astrophysical conditions, we
employed three trajectories representing different kind
of ejecta conditions. The evolution of their mass den-
sity, temperature, entropy, and the free neutron num-
ber density nn are plotted in Fig. 2. The ones labeled
by (dynamical) “hot” and (dynamical) “cold” are tra-
jectories produced by general-relativistic merger simula-
tion [39] that were used in previous studies discussing the
role of fission in shaping the r -process abundances [19].
Both of them have initially low entropies of ∼ 1 kB
per nucleon and very low electron fraction per nucleon
Ye . 0.05. The difference between them is that the dy-
namical “hot” ejecta expand slower when compared to
the dynamical “cold” one. Therefore, the nuclear energy
release during the r process is able to reheat the tem-
perature to & 1 GK for the former, but only ∼ 0.2 GK
for the latter (see Fig. 1 and Eq. [8] in Ref. [19]). Con-
sequently, an (n, γ)  (γ, n) equilibrium between the
neutron-capture rates and the reverse photo-dissociation
rates is only achieved for the former, but not the latter.
As for the trajectory labeled by disk, it is parametrized
in the same way as in Ref. [40], with an early-time ex-
pansion timescale τ = 10 ms, initial entropy s = 10 kB
per nucleon, and initial Ye = 0.15. This trajectory mim-
ics the neutron-rich condition found in viscous outflows
from the post-merger accretion disk [41–43].
Fig. 3 shows the r -process abundances predicted by
FRDM+TF and BCPM at the time of 1 Gyr for these
three different ejecta conditions. All the abundances re-
produce the main features of the “strong” r -process pat-
tern, where elements from the second peak up to ac-
tinides have been synthesized. Nevertheless, substan-
tial differences between the predicted abundances are ob-
served that will be discussed in the next section.
III. RESULTS
A. Impact of fission on abundances pattern
Fig. 4 shows the r -process abundances of nuclei be-
yond A = 180 predicted by FRDM+TF and BCPM in
each scenario at four different stages of the evolution: at
freeze-out, defined as the moment when the neutron-to-
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FIG. 1. Highest fission barrier (Bf ), and energy windows for beta-delayed fission (Bf − Qβ) and neutron-induced fission
(Bf −Sn) predicted by FRDM+TF (upper panels) and BCPM (lower panels) as a function of proton and neutron number. Bf
and Sn values correspond to the nucleus with Z protons and N neutrons, while Qβ values correspond to the FRDM prediction
for the (Z − 1, N + 1) parental nucleus. All the quantities are in MeV. Red circles indicate the r -process nuclei produced at
t ∼ 10 s in the hot dynamical ejecta nucleosynthesis.
seed ratio n/s = 1 (where “seed” includes all nuclei heav-
ier than 4He); at the moment when the average timescale
for neutron captures τ(n,γ) equals the average timescale
for β decays τβ ; at 1 day, which is taken as a timescale
indicative for kilonova observations; and the final abun-
dances calculated at 1 Gyr.
For the hot and cold dynamical ejecta the abundances
predicted by FRDM+TF and BCPM visibly differ al-
ready at freeze-out. In particular, FRDM+TF shows a
peak at A ∼ 260 which is absent in BCPM, while the
latter predict a large accumulation of material around
A ∼ 280. By comparing the nuclear properties of the
two models, we found that a combination of several fac-
tors contribute to determine these variations. Firstly,
differences in the predicted neutron separation energies
(and, consequently, in shell gap energies) can entail accu-
mulation of material at different mass numbers, particu-
larly during the initial stages of the evolution. Secondly,
changes in the fission barriers modify the survival prob-
ability of nuclei and determine the end of the r -process
path. Ultimately, the impact of these variations on the r -
process abundances is driven by the β-decay rates, which
regulate the speed flow of the r -process material. In
the case of the abundances plotted in Fig. 4, FRDM
predicts a strong shell gap at N = 172, which results
in the abundances peak at A ∼ 260. Conversely, the
larger fission barriers and shell gap predicted by BCPM
at N = 184 [32] are responsible for the larger accumu-
lation of material at A ∼ 280. These variations are also
visible in Fig. 5, where the r -process path at freeze-out
predicted by BCPM and FRDM+TF for the hot dynam-
ical trajectory is depicted. At N = 184, the r -process
path obtained with BCPM model can substantially pop-
ulate nuclei up to 28096Cm (t1/2 = 84 ms, according to the
beta-decay half-life predictions of Ref. [33]), while the
FRDM+TF r -process path accumulates material mostly
around 27894Pu (t1/2 = 32 ms). At later times nuclei
around A = 280 decay via fission, enhancing the abun-
dances above the second peak (see Fig. 3), while the free
neutrons emitted by fission fragments produce a shift of
the third peak towards larger mass number [27] (see dis-
cussion in Ref. [19] regarding the fission fragments dis-
tributions used in this work).
Fig. 3 also shows that in the case of the accretion disk
FRDM+TF and BCPM predict a very similar final pat-
tern, mainly because of the comparable amount of ma-
terial accumulated at A ∼ 280. The conditions in this
trajectory are less neutron rich than in the dynamical
ones: For instance, the initial neutron-to-seed ratio is
n/s ∼ 120, compared to n/s ∼ 600 and n/s ∼ 1200 of
the hot and cold dynamical ejecta, respectively. These
conditions do not allow the r process to efficiently over-
come the N = 184 shell closure, since the number of free
neutrons is mostly depleted when the material reaches
the A ∼ 280 region.
One can distinguish between two different effects pro-
duced by fission in the r -process nucleosynthesis: a direct
effect, mainly related to the change in the abundances
due to the splitting of the fissioning nuclei; and an in-
direct effect, induced by the neutron emission of fission
fragments (and the subsequent neutron captures). As
an example of the latter, Fig. 2 shows that the larger
amount of fissioning nuclei predicted by BCPM signifi-
cantly increases the free neutron densities of the environ-
ment after the r -process freeze-out. In the following two
sections, we will discuss how these effects impact the rate
of energy production at timescales that are relevant for
the observation of kilonovae.
B. Fission and the destruction of A & 250 nuclei
One feature in all the results shown in Fig. 4 is the
drastic drop of the abundances for nuclei with A & 250
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FIG. 2. Evolution of the different thermodynamic variables
(from top to bottom): mass density, temperature, entropy
and free neutron number density nn. The different curves
represent the predictions obtained with BCPM (dotted lines)
and FRDM+TF (solid lines) for three different trajectories:
dynamical hot (red curves), dynamical cold (blue curves) and
accretion disk (purple curves) (see text for details).
at the time of a day. This has important consequences in
terms of kilonova observation, since the decay by spon-
taneous fission of 254Cf, t1/2 = 60.5 ± 0.2 days [44], can
sensibly impact the shape and magnitude of the kilo-
nova lightcurves at t & 100 days [16, 17]. Therefore, it
is important to understand the mechanisms that are re-
sponsible for the destruction of these nuclei as they also
determine the amount of 254Cf that survives at kilonova
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FIG. 3. Abundances as a function of mass number predicted
by BCPM and FRDM+TF at 1 Gyr for the three different
ejecta conditions: dynamical hot (upper panel), dynamical
cold (middle panel) and accretion disk (lower panel). As a
reference, black dots show the renormalized solar r -process
abundances.
times. For this purpose, we performed additional calcula-
tions by switching off different fission channels (neutron-
induced, β-delayed and spontaneous fission) and compare
the impact of each channel on the remaining abundance
of A & 250 nuclei at 1 day. While we only focus on
the results obtained in the hot dynamical case below, we
note that similar outcomes were obtained in the cold and
accretion scenarios.
The upper panels in Fig. 6 show the abundances pre-
dicted with FRDM+TF (left panel) and BCPM (right
panel) when different fission channels are turned off.
For spontaneous and β-delayed fission, we suppressed
the channel from the beginning of the simulation, while
neutron-induced fission was turned off only after the
freeze-out. We point pout that only theoretical rates have
been switched off. We find that within each set of reac-
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FIG. 4. Abundances as a function of mass number predicted by FRDM+TF and BCPM at four different times. Each row
represent a different type of ejecta: dynamical hot (upper panels), dynamical cold (middle panels) and accretion disk (lower
panels). Black dots represent solar r -process abundances, which are renormalized by the same factor in all plots.
tion rates, the sharp drop of abundances at A & 250 re-
mains, suggesting that all the fission channels contribute
to the destruction for A & 250 nuclei.
The reason behind this destruction can be understood
by comparing the abundance distribution after the r -
process freeze-out to the fission barriers shown in Fig. 1.
Nuclei that are present at t ∼ 10 s in the hot dynamical
ejecta scenario are plotted as solid symbols. Left panels
shows that the abundance distributions closely follows
contour lines of constant fission barrier height, and that
none of the two models predict the synthesis of nuclei
with Bf < 2 MeV that can be populated. We conclude
therefore that the reason for such efficient destruction
mechanism of all the fission channels is related to the
presence of low fission barriers, which in turn make nu-
clei unstable against fission decay regardless of the mech-
anism forming those nuclei. The only calculation where
nuclei with A > 250 survive at 1 day is in the BCPM
model without spontaneous fission. In this case, the
larger Bf − Qβ predicted by BCPM around N = 184
allow part of the material to undergo multiple β decays
before entering in the region of low Bf and fission.
One should notice that in Fig. 1 there are nuclei with
a negative energy window for β-delayed fission (Bf −
Qβ) that are populated. The reason for this is twofold:
Firstly, the β-decay proceeds mainly via states with low
excitation energy, hence it is the magnitude of the barrier
and not necessarily Bf −Qβ that determines the fission
survival probability after beta-decay. Secondly, nuclei
populated in Fig. 1 have Sn < Bf , as evinced by the
right panels in the same plot, which favors the emissions
of neutrons over a possible fission decay.
Bottom panels in Fig. 6 show the total A = 254 abun-
dance predicted in the hot dynamical ejecta using BCPM
and FRDM+TF. From these plots it is possible to con-
clude that neutron-induced fission is responsible for the
destruction of A = 254 isobars in both cases. This de-
struction channel is particularly efficient in the case with
the BCPM model, at the time of 0.4–2.0 seconds, due
to the fact that the neutron number density after the r -
process freeze-out is up to four orders of magnitude larger
than that with the FRDM+TF model (see the bottom
panel in Fig. 2). Actually the destruction of A = 254
isobars should be considered as a more general feature,
where the destruction rate of nuclei post freeze-out is
strongly related to variations in the neutron number den-
sity since this directly determines the neutron captures
and neutron-induced fission rates. On the other hand,
β-delayed fission only operates to destruct the A = 254
isobars at later times with FRDM+TF model, since the
large Bf −Qβ predicted by BCPM disfavour this fission
channel (see middle panels in Fig 1).
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FIG. 5. Abundances (in log scale) at freeze-out predicted by
FRDM+TF (upper panel) and BCPM (lower plot) in the hot
dynamical ejecta. Black squares represent stable nuclei.
Fig. 7 shows the nuclear energy release rate produced
by fission, β and α decays as a function of time obtained
with both models for the different ejecta conditions. The
“bump” feature at t ∼ 128 days, for curves associated
with fission, is driven by the spontaneous fission decay
of 254Cf. They clearly show that the released nuclear
energy can be comparable to those from β-decays in all
cases with FRDM+TF model, while being much smaller
for cases with the BCPM models, especially for the hot
and cold trajectories, whose free neutron number den-
sities are much higher after the freeze-out (see Fig. 2).
We conclude, therefore, that more 254Cf is accumulated
when the amount of material in the A ∼ 280 fissioning
region is smaller. One can also infer this by noticing
that the models with the smallest energy production by
fission in Fig. 7 are those showing the largest “fission-
ing peak” in Fig. 4. We found that between 0.4 and
1.2 seconds, the average number of neutrons released by
fission with BCPM is between three and six units larger
than FRDM+TF in both dynamical scenarios (while in
the disk ejecta the difference decreases quickly to zero).
These free neutrons released after the freeze-out gener-
ate new neutron-induced fission events, in a self-sustained
mechanism similar to the one occurring in nuclear reac-
tors, destroying the progenitors of the 254Cf as shown in
Fig. 6.
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FIG. 6. Impact of single fission channels on the abundances
of nuclei with A & 250 at 1 day (top panels) and on the
evolution of A = 254 abundances (bottom panels) for the hot
dynamical ejecta. The different curves show the abundances
predicted when different fission channels are suppressed: β-
delayed fission (bdf, red dashed line), spontaneous fission (sf,
yellow dashed line) and neutron induced fission ((n, f), grey
dashed line). The purple solid line corresponds to standard
calculations, when all the fission are included. Left and right
panels correspond to FRDM+TF and BCPM, respectively.
C. Impact of fission on abundance of nuclei with
A = 222− 225
In addition to the impact on the heating from the spon-
taneous fission of 254Cf, Fig. 7 also shows that calcula-
tions with the BCPM model predict reduced nuclear en-
ergy release rates from α-decays, that is powered by the
decay chains of nuclei with 222 ≤ A ≤ 225 during the rel-
evant kilonova timescale of 3–100 days [17]. This can be
clearly seen by comparing the abundances of these nuclei
shown in Fig. 4 at the time of a day for all cases with
the BCPM model to those with the FRDM+TF model,
which shows that BCPM predicts lower abundances of
nuclei with 220 ≤ A ≤ 230, particularly in the case of
dynamical and cold ejecta.
On the other hand, the same plot shows that the
BCPM model generally predicts larger amount of nuclei
between 230 ≤ A ≤ 240. Combining this with the fact
that the final abundances in the lead peak (A ∼ 208)
and those of uranium and thorium predicted by BCPM
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predicted by FRDM+TF and BCPM, respectively.
and FRDM+TF are very similar, it indicates that the
amount of material with A ≥ 220 produced at 1 day is in
fact similar in both BCPM and FRDM+TF calculations.
The reduced abundances of 220 ≤ A ≤ 230 at a day with
the BCPM model can once again be connected with the
larger amount of free neutrons after the r -process freeze-
out. Neutron captures on these nuclei after the freeze-out
moves the material towards higher mass numbers. Fig. 8
shows the time evolution of the total abundances of nuclei
with 220 ≤ A ≤ 230. The strong decrease for cases with
the BCPM model between 1.2 s . t . 3 s provide clear
evidence that these nuclei are being transported toward
larger mass numbers.
Finally, Fig. 9 shows the time evolution of the ejecta
heating rate Q˙hr, which mimics the bolometric luminos-
ity of the kilonova at t & days post the lightcurve peak.
The calculations were performed as described in Ref. [17],
which include thermalization corrections, assuming an
ejecta mass Mej = 0.04 M with an expanding velocity
vej = 0.1 c. The impact of the
254Cf is clearly noticeable
at t ∼ 100 days, where the predictions obtained with
FRDM+TF and BCPM visibly differ. In the dynami-
cal scenarios, the larger amount of 254Cf predicted with
FRDM+TF [Y (254Cf) ≈ 4.9× 10−7] results in a heating
rate which is three times larger than the one predicted
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for different trajectories.
using the BCPM model [Y (254Cf) ≈ 7.4 × 10−8]. This
result confirms the high sensitivity of kilonova light curve
to the amount of 254Cf fissioning at timescales relevant
for astronomical observations [16, 17]. We also note that
despite the abundances of nuclei with 135 . A . 200
are largely affected by the direct impact of fission, the
β-decay heating rate at earlier times are only affected by
. 50%, due to the fact that independently of the fission
yields used the produced nuclei have β-decay half-lives
within a factor of two.
Finally, the similar abundances of U and Th predicted
by BCPM and FRDM+TF indicates that the progeni-
tors of these nuclei have the same nuclear properties in
both calculations. This implicitly suggests that the pro-
genitors of late translead elements during the r process
are nuclei with Z < 84, since BCPM and FRDM+TF
calculations only differ in the rates used for nuclei with
Z ≥ 84. It is, therefore, possible to conclude that most
the material with Z ≥ 84 created during the r -process
nucleosynthesis fissions.
IV. CONCLUSIONS
We explored the impact of fission on the r -process nu-
cleosynthesis yields in neutron star mergers and the asso-
ciated nuclear energy release rates relevant for kilonovae.
We used two different sets of stellar reaction rates, one
of which was recently developed using consistent nuclear
energy density functional calculations of nuclear masses,
fission barriers and collective inertias [32]. Our calcu-
lations show that for the most neutron rich conditions,
like those found in the dynamical ejecta, the stability
against fission of nuclei around the neutron shell clo-
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FIG. 9. Upper panel: Ejecta heating rate as a function of time
predicted with BCPM (dash-dotted lines) and FRDM+TF
(solid lines) for different scenarios. Lower panel: Evolution of
the ratio between ejecta heating rates.
sure N = 184 is crucial for the build-up of fissioning
material during the r process. The fission of these ma-
terial after the r -process freeze-out can release a large
amount of neutrons and significantly alter the free neu-
trons number density of the ejecta around 1 s . t . 10 s.
Consequently, the neutron-induced fission and neutron-
captures associated with these free neutrons can have
strong impact on the abundances of nuclei in the mass
number region A = 220 − 260, including the α-decaying
nuclei with 222 ≤ A ≤ 225 and the 254Cf which un-
dergoes spontaneous fission, affecting the ejecta heating
rates on timescales relevant for kilonova light curve pre-
dictions.
In conclusion, we find an inverse correlation between
the amount of material produced around A = 280 and
the amount of 254Cf produced. This result suggests that
future detection or non-detection of 254Cf on kilonova
light curves may help to constraint the yields of nuclei
around A ∼ 280 and learn about the nuclear properties
in a region that in the foreseeable future will not be ex-
perimentally accessed.
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